We exploited the ability to transduce fetal liver hematopoietic stem/progenitor cells in situ with recombinant retrovirus, together with the ability to analyze proviral integration patterns into chromosomal DNA, to detect the cellular and organ fate of hematopoietic stem and progenitor-derived progeny in tissues and in the circulation of neonatal and adult rats. Two hundred seventeen fetuses were injected with retrovirus supernatant on day 16 of gestation, before the development of the bone marrow cavity. The progeny of 41 stem and progenitor cells from 97 liveborn rats were clonally identified. Pluripotent and lineage-restricted stem/ progenitor clones derived from the fetal liver consistently HE SUSTAINED PRODUCTION of large numbers of hematopoietic cells is theorized to be maintained by a small population of pluripotential hematopoietic stem cells (HSCS)."~ The major anatomic site of hematopoiesis in mammals switches from the yolk sac and paraortic nodes (embryo),7"0 to the developing liver (fetu~),""~ and finally to the medullary cavity in adult animals. This pattern could result from migration of HSCs via the blood stream or from sequential de novo generation of HSCs in target organs. Although data from morphologic,' in vitro? and transplantation experiment^^"^ support the former model, testing the hypothesis directly has been problematic. To date, no data have been available to directly evaluate the migration and/ or the proliferation of individual hematopoietic stem cells during ontogeny without manipulation of these cells ex vivo.
HE SUSTAINED PRODUCTION of large numbers of hematopoietic cells is theorized to be maintained by a small population of pluripotential hematopoietic stem cells (HSCS)."~ The major anatomic site of hematopoiesis in mammals switches from the yolk sac and paraortic nodes (embryo),7"0 to the developing liver (fetu~),""~ and finally to the medullary cavity in adult animals. This pattern could result from migration of HSCs via the blood stream or from sequential de novo generation of HSCs in target organs. Although data from morphologic,' in vitro? and transplantation experiment^^"^ support the former model, testing the hypothesis directly has been problematic. To date, no data have been available to directly evaluate the migration and/ or the proliferation of individual hematopoietic stem cells during ontogeny without manipulation of these cells ex vivo.
Recombinant retrovirus vectors were used previously to analyze the clonal and systemic properties of adult bone genitor cells in transplantation models. The methodology generally involved pretreatment of donor animals with a chemotherapeutic agent such as 5-fluorouracil, followed by bone marrow harvest, in vitro transduction, and transplantation of the infected cells into irradiated recipients. The proliferative and self-renewal properties of the stem and progenitor cells were inferred by Southern blot detection of the proviral integrations in mature hematopoietic lineages. Lineage-restricted and pluripotent cells with finite proliferation as well as long-term pluripotential reconstituting cells were detected. In some studies, clonal extinction of pluripotential reconstituting cells was ~bserved:-~.'~"~ although in other studies in which sequential analyses were assayed over 12 to 16 month^,'^"^ clonal stability was observed after an initial period of fluctuation. A limitation inherent in transplantation studies is that there is the potential for selection of engrafted cells in the irradiation-altered stromal microenvironment or a skewing of cell proliferation due to the needs of the recipient after transplantation. Furthermore, it is unclear whether cells that are induced to proliferate and are retrovirally transduced ex vivo have the same pluripotential phenotype as cells transduced within their normal microenvironment in vivo. Marking hematopoietic stem and progenitor cells with recombinant retrovirus vectors in situ in the embryo is an approach that avoids the potential problems associated with transplantation models and could facilitate characterization of the cell fates and the origins of individual stem and proBlood, Vol 86, No 6 (September 15). 1995: pp 2113-2122 T mmow3-6, [14] [15] [16] [17] and fetal liver" hematopoietic stem and progave rise to progeny in the marrow of newborn and adult rats. Patterns of differentiation of transduced stem and progenitor cells fell into distinct subsets. Blood cells derived from in situ transduced cells that originated in the f-1 liver circulated throughout the life span of the adult animals. These data provide molecular evidence of the origin of medullary cavity hematopoiesis by cells derived from the fetal liver that were transduced in vivo, homed to the developing medullary cavity and proliferated in a normal medullary hematopoietic microenvironment. 6 1995 by The American Society of Hematology.
genitor cells proliferating in the normally developing embryo, neonatal, and adult animal.
We have previously shown that direct in situ injection of virus into the liver of day-l4 to day-l6 gestation rats results in the detection of proviral sequences in hematopoietic tissues of rats 1 to 26 weeks of age.I9 In this report, we describe the ability to mark and track the fate of individual HSCderived clones using retroviral integration sites in chromosomal DNA of cell progeny to analyze the proliferation of HSCs throughout the life span of the neonatal and adult animal. Pluripotent and lineage-restricted stedprogenitor cells transduced in vivo in the fetal liver consistently gave rise to progeny in the medullary cavity of newborn and adult rats. Blood cells derived from HSCs that originated in the fetal liver circulate throughout the life span of adult animals. These data provide molecular evidence of the origin of adult hematopoiesis by fetal liver HSCs and provide new insights into the behavior of individual stem and progenitor cells proliferating in a normal physiologic microenvironment.
MATERIALS AND METHODS
Retrovirus vector. The vM5neolacZ retrovirus contains the cDNA of the neomycin resistance gene neo and the histochemical reporter gene lacZ as previously described." There is a unique Dra I restriction endonuclease site within the lacZ cDNA of the provirus. Dra I digestion of genomic DNA encoding the provirus allows for the creation of unique DNA integration fragments that contain both 2114 CLAPP ET AL proviral and flanking genomic DNA sequences. The retrovirus plasmid was packaged in the GP + E86 packaging line and the clone used for all experiments had a titer of 1 X lo6 G418' cfu/mL on NIH3T3 cells and was determined to be free of replication competent virus. Virus production, titering of recombinant supernatant, and evaluation for the existence of replication competent virus from packaging cells and animals were performed as previously deTo assay for the presence of replication-competent retrovirus, NIH3T3 cells were infected with 2 mL of retroviral supernatant as performed previously to assay for viral titer, grown to confluence, and then passaged for 1 to 2 weeks. Media conditioned by a 14-hour exposure to the virally infected NIH3T3 cells was then added to an uninfected aliquot of NIH3T3 cells to examine for the presence of secondary infection using the same infection conditions as described previously. These cells were passaged for an additional 2 weeks and at that time were grown to confluence on triplicate 100-mm' dishes. One dish was selected in 1 mglmLIG418; a second dish of cells was fixed and stained with X-gal; and genomic DNA was extracted from the third plate of cells and amplified for proviral sequences. No replication-competent retrovirus was detected as indicated by the observation that secondarily infected NIH3T3 cells were unable to produce G418-resistant cells or P-galactosidase-expressing cells and did not contain proviral sequences as assayed by polymerase chain reaction (PCR) of genomic DNA (data not shown). Serum of selected in utero transduced animals was also used to infect NIH3T3 cells when experimental animals containing proviral integrants were killed at 3.5 to 20 months of age. Serum of the animals did not transmit G418 resistance to NIH-3T3 cells, following the same infection protocol as described previously, and no provirus was detectable by PCR analysis of unselected, serum cocultured NIH-3T3 cells (the limit of detection was approximately 100 viral particles/mL).
Animal model. in situ injections of recombinant retrovirus supernatant into the fetal liver were performed as previously d e s~r i b e d . '~~~~ Briefly, day-l6 gestation Sprague Dawley rat dams (Harlan Laboratories, Indianapolis, IN) were anesthetized. Their abdomens were shaved and the skin was washed with 70% ethanol and then allowed to dry. A midline incision was made into the peritoneum and the uterine horns were brought onto a surgical field. One hundred microliters of recombinant retrovirus supernatant was injected in situ into the developing liver of each fetus. The fetuses were returned to the maternal abdomen, the peritoneum and skin were closed in two layers, and the pregnancy was allowed to continue normally.
Fetuses from two pregnant dams were injected with recombinant virus and killed at 2 or 6 hours after injection to evaluate for the presence of infectious virus in the fetal circulation. Circulating cells were isolated from each fetus by intracardiac puncture and pelleted at 800g for 10 minutes. Pooled serum from the fetuses was filtered through a 0.45-pm filter and added to 60-mmz tissue culture dishes of NIH-3T3 cells grown to 40% confluence in the presence of 5 / & mL of polybrene for 6 hours at 37°C 5% COz, 21% O2 followed by the addition of 3 mL of media. Analysis for the existence of infectious virions was determined using isolating genomic DNA from the transduced NIH3T3 cells and amplification of proviral sequences by PCR, followed by Southern blotting of the amplified proviral sequences as previously de~cribed.'~~'~ Fetuses from two other dams were killed at day 17 of gestation to determine whether a medullary cavity was present. Longitudinal and coronal sections (10 to 14 pm width) of the entire fetus that included the femur and tibia were prepared and stained with hematoxylin and eosin. Progenitor methylcellulose cultures were also established as previously describedL9 from selected fetuses using the total cellular contents of two diced femurs and two tibias.
Separation of blood cell lineages. Low-density mononuclear cells were isolated by ficoll hypaque centrifugation (Histopaque-1077; Sigma, St Louis, MO) at 700g for 30 minutes at 22°C and then further separated into individual lineages by positive selection of cells using a combination of sheep antimouse IgGl Fc magnetic beads (Dynal Inc, Lake Success, NY) at a concentration of 4 X IO6 beads /lo6 target cells and purified mouse antirat CD1 Ib/c, mouse antirat CD45RA, and mouse antirat CD3 (PharMingen, San Diego, CA), all of which were used at a concentration of 1 pg of antibody/ lo6 target cells, as recommended by the manufacturer. Purity of the lineages was determined in selected animals by using phycoerythrinconjugated antibodies or isotype controls and counting 200 to 400 cells using a Zeiss Axioskop 20 fluorescence microscope (Zeiss, Batavia, IL) with an MC 100 attached camera. In some instances, after purification of individual lineages, the cells were treated with chymopapain to remove the magnetic beads and antibodies, cultured in 20% fetal calf serum (FCS)-enriched media for 72 hours, and then restained with the phycoerythrin-conjugated antibody or the isotype control.
Nucleic acid analysis. Genomic DNA was isolated from blood cells using the Elu-Quik DNA purification kit according to manufacturer's instructions (Schleicher & Schuell, Keene, NH), and digested with a threefold to fivefold excess of Dra I restriction endonuclease (Boehringer Mannheim, Indianapolis, IN) using conditions specified by the manufacturer. DNA from fibroblast cells containing a single copy of the vM5neolacZ provirus were used as positive controls.
DNA fragments were size-separated on a Hoefer SE600 vertical gel apparatus (Hoefer Scientific Instruments, San Francisco, CA) using a 1.5-mm width, 1% agarose gel at 22 V for 16 to 18 hours. Gels were prepared for DNA transfer as previously described." Prehybridization of filters was performed in 6X SSC, 0.05X Denhardt's, 0.5% sodium dodecyl sulfate (SDS), and 100 mg/mL salmon sperm DNA (Boehringer Mannheim) for 2 hours at 68°C. All probes were labeled to a specific activity of 0.5 to 3.0 X lo9 d p d p g with a Prime-It-I1 random prime labeling kit (Stratagene, La Jolla, CA) as recommended by the manufacturer using [a3'P]-dCTP (Amersham, Arlington Heights, IL). Hybridization was performed for 16 to 18 hours at 68°C with lo7 d p d m L of either a labeled 1.1-kb BamHICla I lacZ fragment or an 800-bp Pvu I1 neo fragment in hybridization fluid identical in composition to that used for the prehybridization. After hybridization, filters were washed sequentially in 0.1 X SSC, 0.1% SDS at room temperature for 10 minutes, 55°C for 20 minutes and 60°C for 15 minutes. Filters were exposed to x-ray film at -80°C with an intensifying screen for 5 to 28 days. DNA fragments were measured and sized in all instances using Gel Fragment Sizes Software (D.G. Gilbert, Biology Department, Indiana University, Indianapolis, IN). To determine the sensitivity of the Southern assay, NIH-3T3 cells were infected at limiting dilutions of supematant and clonally expanded and ratios of genomic DNA from the transduced and uninfected cells were mixed to allow an estimation of the sensitivity of the Southern blot. Because of the limiting amount of DNA isolated from blood cells of individual animals and the fact that samples were collected and analyzed longitudinally over nearly 2 years, it was not possible to perform all Southern analyses at once. For this reason, relevant lanes from separate blots were combined for presentation. The relative amount of DNA loaded in each lane is shown to ease the interpretation of the blots.
Immunohistochemistry. Tissues were fresh frozen and stored at -80°C. Cryostat sequential sections of 6 to 10 pm were prepared for analysis. Immunohistochemistry was performed using a biotinstrepavidin-horseradish peroxidase method previously described."." Mouse antirat monoclonal antibodies for recognition of T lymphocytes (MRC OX-54). B lymphocytes (MRC OX-331, and macrophages (EDl) from Serotec (Oxford, UK) were used. Other immunohistochemical reagents were purchased from Vector Laboratories (Burlingame, CA).
In situ hybridization. A 205-bp specific neo cDNA fragment was ligated into pT3T7BM (Boehringer Mannheim). Antisense and sense probes were radiolabeled by transcription using "S-UTP and 22°C and then in 0.1X SSC for 15 minutes at 50"C, followed by dehydration in graded ethanol, as previously described?' After airdrying, sections were exposed to film for 5 to 10 days, dipped in Kodak NTB2 nuclear emulsion (Eastman Kodak, Rochester, NY), dried, and exposed at 4°C. After 14 to 21 days of exposure, the slides were developed, stained with heatoxylin-eosin, dehydrated, and mounted.
RESULTS
Retrovirus supernatant was injected in situ into the livers of 217 rat pups at day 16 of gestation and the pregnancies were allowed to proceed normally. The progeny of 41 stem/ progenitor cells from 97 liveborn rats were identified by unique proviral integration fragments in the chromosomal DNA of hematopoietic cells. The progeny of fetal liver transduced HSCs were analyzed using two experimental designs. One design analyzed the clonal proliferation of fetal liverderived HSCs and progenitors in the bone marrow, spleen, thymus, and circulating cells at the time of death, whereas the other design analyzed the clonal proliferation of fetal liver-derived HSCs and progenitors by sequential analysis of circulating cells as a function of time. The summary of the patterns of integration fragments are provided in Tables  1 and 2 .
Peripheral blood and tissues of rats killed at 1 1 to 26 weeks of age were analyzed to determine the contribution of HSCs transduced in utero into circulating blood cell lineages and into hematopoietic cells in specific organs. Monocytes, B lymphocytes, T lymphocytes, and granulocytes were selected using a combination of ficoll-hypaque centrifugation and positive immunomagnetic bead selection. To determine the purity of the individual lineages in selected experiments, circulating blood cells were separated using phycoerythrin-conjugated antibodies and the purity of the cells was compared with that of isotype controls. The results of a representative analysis are shown in Fig 1 and the sum- mary of the results of the separations of lineages from four independent experiments is shown in Table 3 . Overall, the mean purity of the lineages was 73% to 93%. These results are similar to results obtained by others using a similar strategy" and as reported by the manufacturer.
Evidence that pluripotential cells of two rats were transduced in utero are shown in Fig 2 using Southern analyses of genomic DNA hybridized with the neo fragment. In rat 1 (Fig 2A) , transduced progeny of a pluripotential cell was identified by a common-sized hybridizing fragment (integration a) in the DNA of monocyte, B-lymphocyte, and Tlymphocyte lineages of peripheral blood cells. An identical integration fragment, indicating progeny of the same precursor cell, was observed in DNA isolated from bone marrow cells. In rat 2 (Fig 2B) , an integration fragment (integration b) was observed in DNA isolated from three of four myeloid and lymphoid circulating blood cell lineages as well as in genomic DNA isolated from bone marrow and thymic cells. In these cell types, the single integration pattern, like integration a of rat l , is indicative of progeny arising from a common pluripotential cell.
Two other integration fragments were observed in genomic DNA isolated from blood cells in rat 2. Integration c was observed in the DNA of monocytes and integration d was detected in DNA isolated from T lymphocytes. The presence of integration fragments in single lineages may represent the infection of lineage-restricted progenitor cells. This seems particularly plausible for integration d because of the long half-life of mature T-cell populations." Alternatively, these patterns of proviral integration could represent lineage restriction soon after transduction of a pluripotential cell. Because an inherent difficulty in the analysis of the cell fate of stedprogenitor cells, by examining the DNA of progeny at necropsy, is the inability to examine the prolifera- For For personal use only. on August 16, 2017 . by guest www.bloodjournal.org From Values are the mean -c standard error of the mean.
tion of the cells as a function of we next analyzed proviral integration patterns in circulating blood cells by repetitive sampling over the lifetime of individual rats.
A distinguishing characteristic of more primitive cells within the stem cell compartment (or progenitors) is a higher proliferative capacity. Sequential peripheral blood samplings were obtained from postnatal rats at 2 to 20 months and Southern analyses were conducted on four isolated lineages. 
A
These analyses were technically difficult because they were performed with only 2 to 5 pg of genomic DNA with a gene copy of less than 0.5 in nearly all instances. DNA analysis showed four patterns of retroviral integration. The most common proviral integration pattern was the detection of a uniquely sized hybridizing fragment in a single blood cell lineage observed on one or two samplings in the first 2 to 5 months of life. Representative examples are shown in Fig 3 (rats 3 and 4) . One unique fragment (Fig 3,  integration a) was observed in DNA isolated from unseparated peripheral blood cells of rat 3 at 2 months and in monocytes only at 5 months of age. The integration fragment was not observed on three subsequent bimonthly samplings. b and c, Fig 4) were observed from DNA of unseparated peripheral blood cells of rat 4 at 2 months of age. Integration c was observed again in DNA isolated from monocytes only at 3 months of age, but neither integration b nor integration c was observed Analysis of integration fragments in peripheral blood. DNA was prepared from peripheral blood cells at 2, 3, 5, 7,9, and 11 months of age. PB, unfractionated peripheral blood cells; M, monocytes; mo, months. At 2 months of age, DNA was analyzed from PB due t o the small volume of the specimen. Specimens at all time points were analyzed using purified granulocytes, monocytes, B lymphocytes, and T lymphocytes. Only lineages in which a hybridizing fragment was detected are shown. Rat 3: Integration fragment a was observed in DNA isolated from peripheral blood cells at 2 months of age and in monocytes at 5 months of age. The fragment was not observed on a sampling obtained at 7 months postnatal age or from samplings at 9 and 11 months postnatal age (data not shown). Rat 4 Two integration fragments (integrations b and c) were observed in DNA isolated from peripheral blood cells at 2 months of age. Integration fragment c was also observed at 3 months of age in the monocyte lineage on the original autoradiograph, but is not apparent on the photograph. The fragments were not observed on 3 subsequent bimonthly samplings (data not shown).
Two other unique fragments (integrations
on three subsequent samplings obtained up to 11 months of age. The pattern of proliferation detected in progeny of these two rats was interpreted to represent integration of the provirus in lineage-restricted hematopoietic progenitors with limited proliferative capacity. A second pattern implied transduction of progenitors with more extensive proliferative capacity (Fig 4, rat 5 , integration c). Progeny of a transduced, primitive pluripotential cell were observed in DNA analysis on three consecutive blood samplings performed in the first 8 months of postnatal life. However, this unique integration fragment was not detected in progeny at 10 or 12 months of age, suggesting that the transduced pluripotential cell did not contribute significantly to hematopoiesis after 8 months. These data represent the continuous proliferation of a pluripotent hematopoietic cell over approximately one third of the rat's life (normal rat life span, 18 to 24 months).
A third integration pattern observed suggests prolonged proliferation of a lineage-restricted transduced hematopoietic cell. This pattern is shown in Fig 5 (rat 6, integration c performed on monocytes only at 3 months of age and in total peripheral blood cells at 6 months of age. Three integration fragments (integrations a through c) were observed in DNA analyzed at 3 months of age. Integration c was again observed in DNA isolated from total peripheral blood cells at 6 months of age and in both monocytes and T lymphocytes at 8 months of age. Integration c was not detected on analyses conducted at 10 or 12 months of age (data not shown).
For which the unique integration fragment was observed only in the myeloid lineages on three different analyses in the first year of life. The pattern and duration of this integration is consistent with the transduction and proliferation of a hematopoietic stem or primitive progenitor cell that is quantitatively or qualitatively restricted to myeloid production. This pattern, although rare, has been observed previously in murine hematopoiesis, in which adult bone marrow or fetal liver cells were transduced ex vivo with a recombinant retrovirus vector and then transplanted into an irradiated recipient mouse." A fourth integration pattern is shown in DNA isolated from rat 6 (integration b. Fig 5) . The hybridizing fragment was initially observed in blood cells at 3 months of age. However, this same fragment was not detected in DNA isolated from peripheral blood at I O months of age. Integration b was once again detected in DNA isolated from both myeloid and lymphoid lineages at 12 and 20 months of age as well as the bone marrow and spleen at necropsy. To confirm that the hybridized bands identified as integration b at 3, 12, Genomic DNA from lineages and tissues of rat 6 were hybridized with a second probe, as discussed in the text, t o verify that the integration fragments identified as b and c were from progeny of the same two respective cells. and 20 months of age was derived from the same transduced pluripotential cell, DNA from each timepoint was analyzed by hybridization with a second probe (Fig 6) . The lac2 probe hybridizes to the 5' integration fragment, whereas the neo probe (Fig 5) hybridizes to the 3' integration. Matching integration fragments from both the 5' and 3' junctions of the proviral integration in chromosomal DNA strongly infers transduction of the same primitive cell. It is possible that integration b could have been proliferating at I O months of age but at a level below the detection that could be identified using the Southern assay. We determined that the sensitivity of our blots would detect approximately 0.05 to 0.1 gene copy from 5 pg of genomic DNA (Fig 7) .
To identify individual transduced cells in tissues of rat 6 at 20 months of age, the distribution of proviral mRNA and specific cellular antigens were identified using in situ hybridization and immunohistochemistry on adjacent tissue sections, respectively. Figure 8 shows the cellular distribution of proviral mRNA in the spleen (Fig 8B, E, and H (Fig 8A) , B lymphocytes (Fig 8D) , and macrophages ( Fig  8G) in adjacent sections. Likewise, Fig 9 shows the distribution of proviral mRNA of thymus (Fig 9B and E) , which is compared with that of T lymphocytes (Fig 9A) and macrophages (Fig 9D) .
To confirm the presence of the provirus in the hematopoietic progenitor compartment of rat 6 at the time of death, methylcellulose cultures of bone marrow cells were established for growth of colony-forming unit-granulocyte-macrophage (Cm-GM) in the presence and absence of the neomycin analogue G418. CFU-GM from an uninfected rat were cultured as a negative control. The results are shown in Table  4 and indicate that 8% of CFU-GM express the neo gene.
Because these studies suggest that hematopoietic cells migrate from the fetal liver to the medullary cavity, we performed three analyses to confirm that hematopoietic cells were transduced before the development of a medullary cavity. We questioned whether recombinant virus injected into the fetus is found subsequently in the circulation. The fetuses from two day-l6 gestation rat dams were injected with approximately 10' virions and killed 2 and 6 hours after injection, respectively. Serum was pooled from the circulation of fetuses at each time point (4 fetuses at 2 hours and 11 fetuses at 6 hours) and used to infect NIH-3T3 cells to examine for the presence of infectious circulating virions. Genomic DNA was isolated from the transduced fibroblasts and analyzed for the presence of proviral sequences by amplification of genomic DNA using PCR and Southern blot analysis of the PCR products. No proviral sequences were detected on blots derived from cultures established from either the 2-hour or the 6-hour pooled specimens (limit of detection, 100 particleshl; data not shown), indicating that virus does not circulate after in situ transduction.
Longitudinal and coronal frozen sections of seven day-l7 gestation fetuses were analyzed by histologic evaluation. The total cellular contents from the femurs and tibias of six other day-l7 gestation fetuses were used to establish methylcellulose progenitor cultures. We confirmed, as reported previously by that neither morphologically identifiable hematopoietic cells from the histologic sections nor progenitors from methylcellulose cultures were observed in the day-l7 gestation long bones (data not shown).
DISCUSSION
In this report, we described the ability to transduce fetal hematopoietic stem and progenitor cells in situ in the liver of developing embryos and determine the fate of fetal-derived HSCs throughout the life span of the animal. Our rationale for developing this strategy is related to our interest in better understanding the stem cell dynamics of the developing fetus and to overcome difficulties in studying HSC fate inherent in transplant models. These difficulties include radiationinduced alterations of the recipient's stromal microenvironment, the cellular needs of the recipient, and the potential that HSCs are altered or that subpopulations are selected for during in vitro manipulation.
The wide spectrum of patterns of differentiation that were observed, from a single lineage-restricted integration (Fig 2,  integrations c and d; Fig 3, Tables 1 and 2 ). suggests that we have transduced both pluripotential and lineage-restricted stem/ progenitor cells. It is interesting that some pluripotential cells as identified using Southern blot analysis (Fig 2, integration  b; and Table 1 ) are observed in both myeloid and lymphoid organs whereas other pluripotential cells are observed in the bone marrow or in the bone marrow and one lymphoid organ only. It is possible that the pluripotential cells identified by a unique integration pattern present only in the bone marrow are pluripotential progenitor cells that have relatively less proliferative capacity than cells that are identified in both myeloid and lymphoid organs. Clarifying this issue will improve our understanding of the developmental physiology of these cells and has potential implications for somatic gene therapy. We are currently attempting to address the relative reconstituting capacity of these types of clones by harvesting in utero transduced bone marrow cells of adult inbred rats and transplanting those cells into secondary, lethally irradiated syngeneic animals.
Several previous studies have supported the hypothesis originally proposed by Kay2' that the life span or self renewal capacity of individual stem cells is finite.5.'4"5*27.29 However, other recent transplant studies using retroviral markers have shown that at least some stem cells have extensive selfrenewal and proliferative capacity to reconstitute secondFor personal use only. on August 16, 2017 . by guest www.bloodjournal.org From ary16*17,22,23 and even tertiary15 irradiated adult recipients. The long-lived proliferation of some of the clones in our study ( Table 2) provides strong evidence in a nontransplant, physiologic setting that some stedprogenitor cells have both the potential to and do in fact provide progeny to the circulation throughout a large portion of the fetal and adult life of the animal.
We have observed two other particularly interesting patterns of proliferation. The first pattern is represented by rat 6, clone c (Fig 5) , in which there is the continuous proliferation of myeloid cells into the circulation over the first year of life. The rapid turnover of cells in myeloid lineages infers that the precursor cell has considerable proliferative and selfrenewal potential. This pattern of skewed differentiation towards the myeloid lineages has been observed at a rare frequency in pluripotential reconstituting stem cells in transplant models.'7 However, we cannot comment from the current studies whether the cell is myeloid restricted or has pluripotential capacity.
The pattern observed in rat 6, integration b (Figs 5 and 6), was unique. Progeny of the transduced stem cell was observed at 3 months of age, but not at 10 months of age, and was observed at 12 and 20 months of age in both myeloid and lymphoid lineages. It is possible that the clone was present and proliferating at 10 months of age and was simply below the level of our detection using Southern blot analysis. However, Southern blots of DNA isolated from sequential infections of NIH-3T3 cells at limiting dilutions of supernatant showed that the sensitivity of our blots is 0.05 gene copy (Fig 7) , and we were able to detect integration c at 10 months, whose gene copy was determined to be 0.07. Alternatively, the data could represent alternating cycles of proliferation and quiescence of the transduced primitive stem cell or the independent (in time) proliferation of two transduced daughter cells derived from this stem cell. Although these potential mechanisms of proliferation are difficult to distinguish experimentally, the data are intriguing with respect to implications for clonal succession. The data do clearly indicate that some in situ transduced fetal pluripotential hematopoietic cells have the capacity for extensive, longterm proliferation.
Our experiments are consistent with previous reports showing that the development of the bone marrow cavity in the rat embryo occurs on day 17 to 18 of gestation.'6-'8, 25 The relative size of the liver, which consumes the entire anterior one third of the abdominal cavity, compared with the hypocellular spleen in the day 16 embryo'6.23,24,30 WaPP and Freie, unpublished results) suggests that the principal source of the in utero transduced cells is the fetal liver. This observation is also supported by the ability to directly visualize the liver at the time of injection, the short half-life of retrovirus at 37°C in the failure to detect virus in the circulation at even 2 hours after injection, and evidence by others that the site of in situ injection of retrovirus supernatant into the fetus is the predominant site of proviral integrati~n.~'.~' It may be possible that hematopoietic cells originating in other fetal organs, such as the spleen, are occasionally transduced; however, the data do provide molecular evidence to support other previous stUdies8,'&L2 indicating that fetal hematopoietic cells colonize the developing medullary cavity.
Our studies show that the proliferation of individual in utero transduced, pluripotential hematopoietic cells in the rat have the proliferative capacity to significantly contribute to hematopoiesis for a significant portion of the animal's life, although the contribution of progeny to all lineages and/or organs may not be equal. Finally, we propose that direct transduction of hematopoietic stem and progenitor cells in situ provides a unique method for analysis of proliferation of hematopoietic stem and progenitor cells throughout ontogeny without the need for ex vivo manipulation, irradiation, and bone marrow transplantation. This technique should also prove useful for in vivo model systems to test the efficacy of gene therapy strategies for treating human hematopoietic disorders.
